Introduction
Microtubule motors kinesin and dynein move many different cargos in the cell. Although typical cargos have an overall direction in their migration, closer time-lapse imaging shows that most cargos move in a bidirectional manner (Welte, 2004; Ross et al., 2008) . Individual cargos often contain both plus and minus end-directed motors, but how the relative outputs of kinesin and dynein motors are coordinated remains poorly understood.
The nucleus is the largest intracellular cargo moved by microtubule motors. Moving and anchoring the nucleus to specific intracellular locations is essential for the formation of polarized cells and for the normal development of most eukaryotes. Nuclear positioning is mediated by a nuclear envelope bridge of Sad1p/UNC-84 (SUN) and klarsicht/ANC-1/Syne homology (KASH) proteins that is conserved across eukaryotes (for reviews see Burke and Roux, 2009; Starr, 2009) . SUN proteins in the inner nuclear membrane interact with and recruit KASH proteins to the outer nuclear membrane to form the bridge (Padmakumar et al., 2005; McGee et al., 2006; Crisp and Burke, 2008; Ostlund et al., 2009) . KASH proteins then mediate interactions between the nuclear envelope and cytoskeleton (Starr and Han, 2002; Malone et al., 2003; Meyerzon et al., 2009; Roux et al., 2009 ). KASH and SUN proteins are essential for neurological and muscular development in mice (Puckelwartz et al., 2009; Zhang et al., 2009) . Furthermore, mutations in KASH and SUN proteins have been shown to cause or to be linked to muscular dystrophies, ataxias, lissencephaly, progeria, and multiple cancers (Vallee and Tsai, 2006; Gros-Louis et al., 2007; Kandert et al., 2007; Zhang et al., 2007; Marmé et al., 2008; Ovarian Cancer Association Consortium, 2010) . Moreover, the KASH-SUN nuclear envelope bridges that move nuclei also move chromosomes and ensure homologue pairing in meiosis (Chikashige et al., 2006; Ding et al., 2007; Koszul et al., 2008; Sato et al., 2009) .
KASH and SUN proteins were identified by genetic analysis of mutants with misplaced nuclei (Malone et al., 1999; Mosley-Bishop et al., 1999; Starr and Han, 2002) . A limitation of the genetic studies is that they focused on terminal phenotypes because of the difficulty to film live nuclear migration events. Many additional studies on KASH and SUN proteins have been performed in mammalian tissue culture cells (Wilhelmsen et al., 2005; Crisp et al., 2006; Haque et al., 2006; Ostlund et al., 2009 ). K inesin-1 and dynein are recruited to the nuclear envelope by the Caenorhabditis elegans klarsicht/ ANC-1/Syne homology (KASH) protein UNC-83 to move nuclei. The mechanisms of how these motors are coordinated to mediate nuclear migration are unknown. Time-lapse differential interference contrast and fluorescence imaging of embryonic hypodermal nuclear migration events were used to characterize the kinetics of nuclear migration and determine microtubule dynamics and polarity. Wild-type nuclei display bidirectional movements during migration and are also able to roll past cytoplasmic granules. unc-83, unc-84 , and kinesin-1 mutants have severe nuclear migration defects. Without dynein, nuclear migration initiates normally but lacks bidirectional movement and shows defects in nuclear rolling, implicating dynein in resolution of cytoplasmic roadblocks. Microtubules are highly dynamic during nuclear migration. EB1::green fluorescence protein imaging demonstrates that microtubules are polarized in the direction of nuclear migration. This organization of microtubules fits with our model that kinesin-1 moves nuclei forward and dynein functions to move nuclei backward for short stretches to bypass cellular roadblocks.
unc-83 and unc-84 are required for nuclear migration in a variety of C. elegans tissues including larval P cells, gonadal distal tip cells, intestinal primordial cells, and embryonic hyp7 precursors (Horvitz and Sulston, 1980; Sulston and Horvitz, 1981; Malone et al., 1999; Starr et al., 2001 ). The unc-83 and unc-84 hyp7 nuclear migration phenotype is characterized by misplaced nuclei in the larval dorsal cord, but only terminal phenotypes have been examined. Thus, the dynamics of nuclear migration events are unknown. To determine mechanistic roles for unc-83 and unc-84 during nuclear migration, we examined actual nuclear migration events in embryonic hyp7 precursors.
Before examining mutant nuclear migration events, we carefully characterized wild-type nuclear migrations in the dorsal hypodermis of the precomma stage embryo using differential interference contrast (DIC) microscopy, where the cellular boundaries appeared as depressions in the hypodermis and nuclei were easily visualized ( Fig. 1 A and Video 1). It has been previously described that normally, two rows of hyp7 precursors align along the dorsal midline. The cells then elongate and intercalate to form a single row of column-shaped epithelial cells spanning the dorsal midline. Intercalation proceeds from anterior to posterior with the exception of the pointer cells that form a wedge shape and delay intercalation. Finally, nuclei migrate across the length of the cell to the opposite lateral side of the embryo (Sulston et al., 1983; Williams-Masson et al., 1998) . We followed intercalation and nuclear migration in six cells (hyp7 precursors 11-16, following previous designations; Sulston et al., 1983) posterior to the pointer cells (hyp7 precursors 9 and 10; Fig. 1 A and Video 1). Nuclei in adjacent intercalated cells migrated in opposite directions so that nuclei 10, 12, 14, and 16 migrated from left to right ( Fig. 1 A, purple) , whereas nuclei 9, 11, 13, and 15 migrated from right to left ( Fig. 1 A, green) .
Time-lapse DIC microscopy of complete cell intercalation and nuclear migration events in wild-type embryos (up to 80 min of filming per embryo) was performed; images were collected at a rate of one frame every 15 s. For each embryo, t = 0 was defined as when the tip of hyp7 precursor 12 completed intercalation as determined by its growing tip reaching the opposite seam cell boundary. Nuclear migration began in each cell shortly after the tip of that hyp7 precursor reached the opposite seam cell boundary. The mean rate of nuclear migration, from when the nucleus began moving to when it reached the opposite side of the cell, was 13.6 ± 1.6 µm/h (n = 17 nuclei). We quantified nuclear migration by measuring the mean time at which a pair of nuclei in adjacent cells lined up side by side as they were crossing each other during migration ( Fig. 1 A, nuclei 14 and 15 align at 10.25 min). In wild-type embryos, this event occurred at a mean time of 11.2 ± 0.9 min (n = 30 pairs; Fig. 1 C) . We also quantified nuclear migration events by measuring the mean distance traveled within 10 min of the completion of intercalation, which was 3.3 µm (Table I) .
Higher resolution time-lapse imaging and kymographs of moving nuclei compiled at a rate of five frames per second A limitation of these studies is that it is difficult to examine nuclear migration events in culture. One exception is in cultured fibroblasts near a wound edge where nuclei migrate to polarize the cell and nuclear migration is associated with cellular migration (Gomes et al., 2005; Levy and Holzbaur, 2008) . However, these migrations are short, associated closely with the leading edge of the cell, and the roles of KASH and SUN proteins remain to be determined. Caenorhabditis elegans hypodermal cells offer the unique combination of performing both genetic disruptions and real-time imaging of long-distance nuclear migration events that are genetically separable from leading edge migrations (Spencer et al., 2001; Starr and Han, 2005) .
The KASH protein UNC-83 and the SUN protein UNC-84 function during nuclear migration in a variety of C. elegans tissues (Malone et al., 1999; Starr et al., 2001) . The SUN domain of UNC-84 directly interacts with the KASH domain of UNC-83 to bridge the nuclear envelope (McGee et al., 2006) . We recently elucidated the mechanism of force generation during nuclear migration in the hyp7 embryonic hypodermal precursor cells. The cytoplasmic domain of UNC-83 directly interacts with the KLC-2 light chain of kinesin-1 and two dynein-regulating complexes (Meyerzon et al., 2009; Fridolfsson et al., 2010) . Kinesin-1 mutants have severe nuclear migration terminal defects, as assayed by misplaced nuclei in the dorsal cord, similar to unc-83 or unc-84 mutant animals (Meyerzon et al., 2009) . In contrast, mutations in nud-2 and bicd-1, two of the dynein regulators identified, have weaker nuclear migration defects and function partially redundantly to each other (Fridolfsson et al., 2010) . In mammals, nesprin-4 and Sun1/2 are likely UNC-83 and UNC-84 functional homologues in that they recruit kinesin-1 to the surface of the nucleus to position nuclei . In this study, we test our model in which UNC-83 functions as a cargo adaptor and coordinates interactions between microtubule motors and the nucleus. Once recruited to the surface of the nucleus, kinesin-1 provides the major forces to move the nucleus, whereas dynein regulates the process (Fridolfsson et al., 2010) .
Three nonmutually exclusive models could explain why both plus and minus end-directed motors are recruited to the nucleus. (1) Most cargos of microtubule motors appear to be moving unidirectionally but actually display short runs in both directions. Such bidirectional movement could allow the nucleus to switch microtubule tracks, avoid obstacles, or correct errors (Welte, 2004; Ross et al., 2008) . (2) In some examples, kinesin-1 and dynein are interdependent; a mutation in one disrupts movements in both directions (Martin et al., 1999; Shubeita et al., 2008; Ally et al., 2009) . (3) Alternatively, dynein could function as a drag on kinesin-1-driven movement as it does in interkinetic nuclear migration (Del Bene et al., 2008) . Two obstacles prevent us from distinguishing between these models: we do not know how microtubules are organized during nuclear migration, and past studies were limited by only observing terminal nuclear migration defects. Thus, to elucidate mechanisms of microtubule motor-regulated nuclear migration, we used time-lapse imaging of the nuclear migration events and determined microtubule dynamics and polarity during nuclear migration. provided an additional method of quantifying nuclear movements. During nuclear migration, 63.2% (n = 38) of nuclei in wild-type embryos displayed deformations of the nuclear lamina >0.5 µm in 60 s (Fig. 1 D) .
The nucleus is the largest organelle in the cell, and its diameter is nearly the width of the elongated hyp7 precursor cell. Furthermore, the cell is full of cytoplasmic granules, ER, and other organelles. We predict that as organelles accumulate in front of migrating nuclei, the resistance against forward nuclear migration will increase. Releasing this pressure to allow the nucleus to move forward should be accompanied by reorganization of the cellular architecture. Considering the ER is physically connected to the nucleus, how its organization is affected by nuclear migration was of particular interest. Time-lapse imaging of an SP-12::GFP marker of the ER expressed in hypodermal cells revealed that as the nucleus migrates, large pieces of the ER remained stable, but sections closer to the nucleus were briefly pulled along ( Fig. 3 and Video 2).
More drastic rearrangements of the cellular architecture were observed by DIC time-lapse imaging, which allowed the observation of rolling nuclei, sometimes >360° (Fig. 4 A and Video 3). As nuclei migrated, an accumulation of cytoplasmic granules formed in front of the nucleus. Often the accumulation of granules compressed as the nucleus attempted to move past the blockage (Fig. 4 A; and Video 3, first second). Eventually, the blockage was resolved, and the nucleus moved past showed that seven of nine nuclei had at least one movement >1 µm in the direction opposite of migration ( Fig. 2 B and Fig. S1 A) . These kymographs also indicated that the nucleus had periods of no or very slow movement interrupted by periods of faster movements (Fig. 2 A) . During faster periods of movement, nuclei moved with a mean peak velocity of 122.4 ± 8.8 µm/h (n = 5 nuclei), 10 times faster than the mean forward velocity observed. Time-lapse fluorescent imaging of lamin::GFP initiate nuclear migration on time (Table I ) and failed to migrate past the dorsal midline. Similarly, in unc-84(n369) embryos, nuclei failed to initiate nuclear migration at the normal time (Table I) , and those that did eventually move (18 of 30 pairs) the granules. Sometimes the granules flowed past the sides of or over the top of the nucleus, but no obvious shifting of the nucleus was observed (unpublished data). However, in 16.7% of wild-type hyp7 precursors, nuclei rolled to pass the blockage of granules (Table II , Fig. 4 A, and Video 3). When nuclear rolling was observed, it was quite fast, rotating a mean of nearly 30 angular degrees per minute (Table II) . We captured one example of a rapid movement of the nuclear envelope that could lead to nuclear rolling by filming lamin::GFP ( Fig. 4 B and Video 4). We propose that rolling is a mechanism for nuclei to pass accumulations of cytoplasmic granules during migration through narrow cells.
unc-83 and unc-84 are required from the onset of nuclear migration
In unc-83 or unc-84 mutant embryos, nuclei fail to migrate, and most nuclei are found mispositioned in the dorsal cord of L1 larvae instead of the lateral surface (Horvitz and Sulston, 1980; Sulston and Horvitz, 1981; Malone et al., 1999; Starr et al., 2001) . Before this study, the mechanisms and timing of how the nuclei end up in the dorsal cord were unknown. Time-lapse DIC imaging revealed that unc-83(e1408) or unc-84(n369) mutant nuclei had no active migrations and remained on the side of the embryo they began on long after the tip of the cell reached the opposite seam cell boundary ( Fig. 1 , B and B; Video 5; and not depicted). In unc-83(e1408) embryos, 21 of 30 pairs of nuclei failed to align, even after 40 min ( Fig. 1 C) . The nine pairs that did align took a mean of 36.7 ± 3.8 min (as compared with 11.2 ± 0.9 min in wild type). All nuclei failed to Of the nuclei that rolled, the mean speed of rolling in angular degrees per minute ± SEM is shown. Nuclei that partially migrate initiate movement at the normal time and speed but fail to complete their migrations. Typically, such a nucleus migrates about halfway across the cell before stopping or returning to its original position. Failed nuclear migrations do not move at all until much later in development. Nuclei that failed to migrate could not be scored for rolling.
there is enough KLC-2 activity for nuclear migration but not enough for it to occur at the proper time. These events explain why the terminal klc-2(km11) phenotype is slightly less severe than unc-83(e1408). Of the nuclei that were not actively migrating, there was no occurrence of nuclear rolling. However, 16.7% of the few nuclei that did migrate to the opposite side of the embryo rolled (Table II) .
Most nuclei migrate with normal dynamics in dynein-regulatory mutant backgrounds
Besides recruiting kinesin-1 to the outer surface of the nucleus, UNC-83 also recruits dynein (Fridolfsson et al., 2010) . UNC-83 interacts with two dynein-regulatory complexes, one consisting of the NudE and Lis1 homologues NUD-2 and LIS-1 and the other consisting of the Bicaudal D, egalitarian, and LC8 dynein light chain homologues BICD-1, EGAL-1, and DLC-1 (Fridolfsson et al., 2010) . In our model, dynein functions as a regulator of nuclear migration, ensuring a more efficient migration by allowing for bidirectional transport. In the nud-2(ok949)-null mutant, 1% of the nuclei end up in the dorsal cord (Fridolfsson et al., 2010) . Consistent with this weak nud-2(ok949) terminal nuclear migration defect, nearly all hyp7 nuclei migrated normally when observed by DIC time-lapse imaging (Table I and Video 7). Similar to wild-type nuclear migration, nud-2(ok949) mutant nuclei crossed their adjacent neighbors at 11.9 ± 1.2 min (n = 30 pairs) after intercalation (Fig. 5 C) . The mean rate of nuclear migration was 13.2 ± 1.9 µm/h (n = 15 nuclei), and nuclei were able to reach the same peak velocity for short runs as in wild type. In three of the six embryos that were analyzed, a single nucleus started to migrate at the appropriate time but failed to complete its migration (Video 7, nucleus 11). Such failed nuclear migration events are likely what cause the terminal nud-2(ok949) phenotype, where occasionally a single nucleus is observed in the dorsal cord, an event that never occurs in wild type (Fridolfsson et al., 2010) . Of the nuclei that migrated properly, 12.1% displayed rolling, but rolling was not observed in the cases where nuclear migration failed (Table II) . nud-2(ok949) hyp7 cells represent only a partial disruption of dynein function at the nuclear envelope because the BICD-1-EGAL-1-DLC-1 complex is still functioning (Fridolfsson et al., 2010) . Therefore, we filmed nuclear migration in nud-2(ok949);bicd-1(RNAi) embryos, in which 14% of nuclei end up in the dorsal cord (Fridolfsson et al., 2010) . Consistent with this stronger nuclear migration defect, more nud-2(ok949);bicd-1 (RNAi) nuclei failed to migrate when observed by DIC timelapse imaging as compared with nud-2(ok949) alone (Fig. 5, B and B; and Video 8) . 33.3% of nud-2(ok949);bicd-1(RNAi) nuclei failed to reach the opposite side of the embryo (Table II) . Despite an increase in migration failure, nud-2(ok949);bicd-1 (RNAi) mutant nuclei started to migrate normally (Table I) . The mean and peak velocities of successful nuclear migrations were similar to wild type. High resolution kymographs of migration just after intercalation showed that nud-2(ok949);bicd-1(RNAi) mutant nuclei alternated between slow and swift forward movements (Fig. 2 C) . However, nud-2(ok949);bicd-1(RNAi) mutant nuclei did not display bidirectional movements at this time. No movements >1 µm in the direction opposite of migration were aligned with their opposing partner late, at a mean of 36.2 ± 3.9 min (Fig. 1 C) . Previous measures of the terminal nuclear migration phenotype found that 85-90% of hyp7 nuclei were misplaced in the dorsal cord of unc-83 or unc-84 mutant L1 larvae (Malone et al., 1999; Starr et al., 2001) . Live imaging showed that this variability was caused by nuclei that remained on the lateral side that they started on. The pointer cells' nuclei in particular, which were positioned more laterally to begin with and normally migrated later than the others, often remained in their lateral starting positions in unc-83 and unc-84 mutant embryos. Therefore, 100% of the unc-83 and unc-84 mutant nuclei had nuclear migration defects.
There was no significant difference in the initiation or timing of nuclear movements between unc-83 and unc-84 mutant embryos. The difference in the number of unc-83 versus unc-84 nuclei that crossed paths late (Fig. 1 C) was likely because of the fact that many crossings occurred near the end of our filming, which was frequently cut short when the embryo rotated orientations within the eggshell. Alternatively, nuclear anchorage, which requires unc-84 but not unc-83 (Starr and Han, 2002) , could antagonize the late nuclear movements observed in unc-83 mutant embryos. In contrast to wild type, nuclei failed to roll in unc-83 and unc-84 embryos, suggesting that nuclear rolling was mediated by unc-83 and unc-84-dependent forces acting on nuclei during migration (Table II) . Consistent with a lack of forces in unc-83 mutant embryos, time-lapse imaging of lamin::GFP for 2-min periods indicated that 0% (n = 35) of nuclei showed deformations or movements of the nuclear envelope >0.5 µm over 60 s (Fig. 1 E) .
Nuclei fail to migrate properly in kinesin-1 mutants UNC-83 recruits kinesin-1 to the cytoplasmic surface of the nuclear envelope to mediate nuclear migration (Meyerzon et al., 2009) . Mutations in either the kinesin-1 heavy chain unc-116 or the light chain klc-2 cause severe hyp7 nuclear migration defects as assayed by the abnormal presence of hyp7 nuclei in the dorsal cords of L1 larvae (Meyerzon et al., 2009 ). In the hypomorphic klc-2(km11) mutant background, 52% of the nuclei end up in the dorsal cord, as compared with 0% in wild type and 84% in unc-83(e1408) null (Meyerzon et al., 2009 ). Time-lapse imaging was used to characterize nuclear movements in klc-2(km11) embryos. Consistent with the hypothesis that kinesin-1 provides the major force to move the nucleus, nuclei failed to initiate migration upon the completion of intercalation (Table I) . A majority of the nuclei moved to the dorsal midline very late, similar to unc-83(e1408) or unc-84(n369) embryos (Fig. 5 , A and A; and Video 6). In the 30 pairs of nuclei filmed from six embryos, 21 pairs met their partner nucleus from the opposite side in an adjacent cell at a mean of 41.3 ± 3.1 min after the completion of intercalation, 30 min later than wild type (compare Fig. 5 C with Fig. 1 C) . The other nine pairs failed to migrate to the midline while we were able to film. Occasionally (6 of the 36 nuclei analyzed from six embryos), and well after the completion of intercalation, nuclei migrated past the dorsal midline to the opposite side of the embryo (Fig. 5 A, nucleus 16 ). Because klc-2(km11) is a partial loss of function, presumably the midline or returned to their starting position. Of nuclei that migrated normally, 8.3% displayed rolling; nuclear rolling was never seen in the nuclei that failed to migrate (Table II) .
Some nuclei rolled in the nud-2(ok949);bicd-1(RNAi) mutant embryos, suggesting that not all dynein-regulatory activity was disrupted. To further examine the role of dynein regulators and anything else that might be binding to the cytoplasmic domain of UNC-83, we filmed nuclear migration in an unc-83 (e1408)-null background expressing a transgene encoding a KLC-2::KASH hybrid. KLC-2 was fused to the C-terminal observed in a total of 43.5 min of imaging of nine nuclei for 4.8 min just after intercalation (as compared with seven of nine wild-type nuclei that did move backward; Fig. S1 B) . Normal initiation of migration of nud-2(ok949);bicd-1(RNAi) mutant nuclei allowed them to cross their adjacent neighbors at a normal time of 11.9 ± 1.1 min (n = 30 pairs) after intercalation (Fig. 5 C) . Thus, all nud-2(ok949);bicd-1(RNAi) nuclei initiated migration properly, and the majority of nuclei were able to complete their migration normally. However, 12 out of 36 nuclei failed to complete their migration and either stalled at time intercalation is complete, microtubules form long, thick bundles that align parallel to the long axis of the cell (WilliamsMasson et al., 1998) . Based on these images, a model has been proposed in which microtubules reorganize during intercalation into stable, polarized bundles with their plus ends at the new tip of the cell (Williams-Masson et al., 1998; Meyerzon et al., 2009) . Such an organization of microtubules would be ideal for kinesin-1 at the surface of the nucleus to move nuclei (Meyerzon et al., 2009) .
To directly test this hypothesis, we used live imaging of GFP::-tubulin expressed specifically in the hypodermis. Our time-lapse imaging showed that the microtubule cytoskeleton underwent a dramatic reorganization during intercalation. The microtubules were arranged as a meshwork before intercalation, but by the time intercalation completed, microtubules were arranged in bundles parallel to the long axis of the cell (Fig. 7 , A-C; and Video 10). We tested whether microtubule bundles were stabilized during nuclear migration using FRAP. In embryos expressing GFP::-tubulin, an area across the width of several cells during nuclear migration was photobleached. The microtubules remained highly dynamic, as indicated by a half-time of recovery of only 7.4 ± 0.4 s (n = 13 embryos; Fig. 7, D and E) . This recovery rate is slower than the diffusion time of free tubulin dimers and presumably reflects microtubule polymer turnover (Salmon et al., 1984) . Similar rates for microtubule dynamics have been observed in the mitotic spindle (Cheerambathur et al., 2007) . These data cannot eliminate the possibility that there is a small population of stable microtubules, although no acetylated tubulin, a hallmark of stabilized microtubules used by kinein-1 (Reed et al., 2006) , was observed in these cells (unpublished data).
Microtubules polarize in the direction of nuclear migration
The model of microtubules in hyp7 precursors at the time of nuclear migration predicts that the parallel microtubule 290 residues of UNC-83, creating a protein that was targeted to the nuclear envelope and could partially rescue nuclear migration defects independent of UNC-83 (Meyerzon et al., 2009 ). KLC-2::KASH included the transmembrane and KASH domains of UNC-83 but was missing most of the DLC-1-and NUD-2-binding domains (Fridolfsson et al., 2010) . DIC timelapse imaging of unc-83(e1408);klc-2::KASH embryos indicated that 50% of nuclei initiated migration normally (Fig. 6 , Table I , and Video 9). High resolution kymographs of migration just after intercalation showed that unc-83(e1408);klc-2:: KASH nuclei did not display bidirectional movements (Fig. 2 D) . No movements >1 µm in the direction opposite of migration were observed in a total of 43.5 min of imaging of nine nuclei for 4.8 min just after intercalation (Fig. S1 C) . Additionally, 7 out of 20 nuclei that initiated migration normally failed to complete their migration and either stalled at the midline or returned to their starting position. None of the nuclei that initiated migration normally displayed rolling (Table II) . Because NUD-2 and BICD-1 were likely not recruited to the nuclear envelope, it is possible that their loss alone caused the lack of nuclear rolling and backward movement. However, their known dynein-dependent functions make it likely that backward movements and rolling are mediated through dynein (Kardon and Vale, 2009 ).
Microtubules dynamically reorganize during intercalation and nuclear migration
To fully understand the mechanisms of how kinesin-1 and dynein function together to move nuclei, it was necessary to determine the organization of the microtubule cytoskeleton during nuclear migration. Microtubules are necessary for intercalation and nuclear migration because nocodazole treatment results in the failure of both (Williams-Masson et al., 1998) . The organization of microtubules during intercalation has previously been described by images of fixed embryos; before intercalation, microtubules appear as a meshwork, but by the during nuclear migration, they grew at the same rate (0.40 ± 0.01 µm/s; n = 70). This indicated that although microtubules reorganized during intercalation, their growth rates remained constant throughout the process.
To test whether disrupting kinesin-1 blocked nuclear migration by disrupting the organization of microtubules, we examined EBP-1::GFP polarity in klc-2(km11) mutant embryos. Microtubules were normally organized before and after intercalation in klc-2(km11) embryos (Fig. 8, C and D) . The velocity of these comets was the same as in wild type. These data are consistent with a role for kinesin-1 in physically pulling the nucleus during nuclear migration rather than a role for kinesin-1 in organizing microtubules.
During hyp7 nuclear migration, the centrosome remains attached to the nucleus by an UNC-83-independent mechanism (Starr et al., 2001) . To better characterize the role of the centrosome during nuclear migration in hyp7 precursors, we fixed embryos at the time of nuclear migration and immunolocalized centrosomes using the IFA antibody (Leung et al., 1999) . The centrosome was positioned randomly around the migrating nucleus. Division of the nucleus into four equal quadrants indicated that the centrosome was in the front of the nucleus 23.4% of the time, the back of the nucleus 29.8% of the time, bundles are polarized so that plus ends are in the direction of nuclear migration. This orientation would be consistent with our findings that kinesin-1, a plus end-directed motor, is providing the major force to move the nucleus (Meyerzon et al., 2009) . To observe microtubule polarity during intercalation and nuclear migration, EBP-1::GFP was expressed in hypodermal cells. EBP-1 is the C. elegans homologue of mammalian EB1 (Motegi et al., 2006) , which binds the plus ends of growing microtubules in a comet-like pattern (Morrison et al., 1998) . In the early stages of intercalation, microtubules were partially polarized with 48.6 ± 2.2% of EBP-1::GFP comets growing toward the intercalating, dorsal tip of the cell (n = 96 comets; Fig. 8 , A, A, and C; and Video 11). The other half of the comets were split between growing toward the old, lateral end of the cell (23.8 ± 2.1%; n = 47) or perpendicularly across the cell (27.6 ± 2.8%; n = 50). Analysis of EBP-1::GFP in embryos with actively migrating nuclei indicated that the microtubules had polarized so that 91.5 ± 0.8% (n = 619 comets) of the EBP-1 grew in the direction of migration (Fig. 8, B , B, and D; and Video 12), 6.8 ± 0.7% (n = 48) grew in the opposite direction of migration, and 1.7 ± 0.5% (n = 11) grew perpendicularly across the cell. Early in intercalation, the comets grew at a mean speed of 0.40 ± 0.01 µm/s (n = 70), and other (Sulston et al., 1983) . In unc-83 or unc-84 mutant embryos, nuclear migration is disrupted, resulting in nuclei wrongly positioned in the middle of the cell at the dorsal midline (Malone et al., 1999; Starr et al., 2001 ). Our DIC time-lapse imaging allowed us, for the first time, to study the dynamics of nuclear movements in unc-83 and unc-84 mutant embryos and to compare them with wild-type nuclear migrations.
In wild-type embryos, hyp7 precursor nuclei began to migrate as soon as intercalation completed and passed the midline of the cell 11 min later (Fig. 1) . Nuclear migration was not a smooth continuous process. For brief periods, wild-type nuclei moved forward relatively fast. Additionally, they often backed up, showing bidirectional movements. Filming of lamin::GFP in wild-type hyp7 precursors showed that during nuclear migration, the nuclear envelope underwent many deformations. Presumably, motors pulling on the nuclear envelope caused these deformations. Consistent with this hypothesis, deformations of the nuclear envelope were absent in unc-83 mutant embryos (Fig. 1) . The discontinuous bidirectional movements of nuclei were similar to many other cargos transported by microtubule motors. These data support the first model discussed in the Introduction in which kinesin-1 and dynein function during nuclear migration to mediate bidirectional movements.
The timing of when unc-83 or unc-84 mutant nuclei move to the dorsal midline was significantly slower (at least 25 min slower and sometimes much longer; Fig. 1 ) than in wild-type embryos. The late nuclear movements in mutant embryos coincided with the morphogenesis of hyp7 precursors, which elongated into long, thin sheets, limiting the space for nuclei. At approximately the same time, body wall muscle cells that are initially positioned laterally begin to migrate dorsally (Hresko et al., 1994) . The body wall muscles squeeze the hypodermal cells and establish linkages through the hypodermis to the cuticle (Francis and Waterston, 1991) . We propose that migration of the underlying body wall muscle cells and/or morphogenesis of the hyp7 precursors pushes hyp7 nuclei to the dorsal cord in unc-83 and unc-84 mutant embryos.
Microtubules during nuclear migration are dynamic and polarized
Before this study, our working model was that nuclear migration is mediated by microtubule motors recruited to the surface of the nucleus by UNC-83 (Meyerzon et al., 2009;  and on the sides of the nucleus 46.8% of the time (n = 47; Fig. S2 ). Therefore, centrosome position did not correlate with the direction of nuclear migration.
To further characterize the organization of the microtubule network, we examined the localization of -tubulin, which nucleates microtubules and is usually localized to the centrosome or cytoplasmic complexes (Stearns and Kirschner, 1994; Murphy and Stearns, 1996) . An antibody against C. elegans -tubulin (Ow et al., 2008) was used for immunolocalization experiments in embryos fixed just before or at the time of nuclear migration. Before cell intercalation, -tubulin localized strongly to centrosomes (Fig. 9 B) . However, at the time of intercalation, -tubulin redistributed and was broadly localized to the membrane between cells (Fig. 9 A) . Similarly, -tubulin localizes to the membrane in the C. elegans gonad, where it functions to nucleate microtubules required for nuclear positioning (Zhou et al., 2009 ). Localization of -tubulin to the cell-cell boundaries could create the noncentrosomal parallel microtubule arrays observed in these hyp7 precursors. Alternatively, -tubulin may be localized in puncta along the length of microtubules to allow nucleation from the sides of existing polymers. Cortical microtubule arrays established by this mechanism have been identified in plants (Joshi and Palevitz, 1996) .
Discussion
We previously proposed a model for hyp7 nuclear migration based on the genetic analysis of terminal nuclear migration defects. The model posits that UNC-83 recruits both kinesin-1 and dynein to the outer nuclear membrane and transfers forces generated by the motors though UNC-84 to the nuclear lamina. In this model, kinesin-1 provides the major forces to move the nucleus, whereas dynein has a regulatory role in the process (Meyerzon et al., 2009; Fridolfsson et al., 2010) . To test our model, live imaging of nuclear migration in C. elegans hyp7 precursors was used to characterize the dynamics of nuclear movement and to analyze microtubule organization. Our findings led to a better understanding of the mechanisms of how microtubule motors mediate nuclear migration.
UNC-83 and UNC-84 are required for active nuclear migration
Nuclei normally migrate across the length of C. elegans embryonic hyp7 precursors from one lateral side of the embryo to the and Bicaudal D homologues, are not known to function outside of dynein regulation (Kardon and Vale, 2009 ) and, therefore, make the best approximation of a dynein disruption that we could study in vivo and use to discriminate between these three models. We predicted that if the bidirectional model were true, dynein disruption would affect backward movements; in the interdependent model, dynein disruption should block all movement, and in the drag model, dynein disruption should speed up nuclear movements. We showed that neither the initiation nor the rate of nuclear migration was affected by the disruption of dynein, but backward movements were (Figs. 2, 5 , and S1; and Table I) . Thus, our data favor the first model, in which dynein is used for brief backward movements to allow kinesin-1-driven nuclear migration to move past roadblocks in the cell.
More specifically, our data suggest that dynein functions to ensure efficient nuclear migration by facilitating nuclear movement past blockages of cytoplasmic granules and other organelles that kinesin-1 cannot resolve on its own. During hyp7 nuclear migration, the nucleus is nearly as large as the width of the cell. Our DIC videos showed that as the nucleus migrates, granules and other organelles accumulate in front of the nucleus. Simply plowing forward is likely not the most efficient way to move nuclei; the nucleus must allow other organelles to pass. We propose that dynein resolves the largest accumulations of organelles in front of nuclei. Dynein briefly backs up or otherwise shifts the nucleus to allow organelles to pass. In the most severe cases, dynein rolls nuclei past the blockage of granules (Fig. 4) . Aggregates of organelles only completely disrupt the nuclear migration in a minority of events; most of the time, kinesin-1 is sufficient to move past granules. However, 16.7% of nuclei in wild-type embryos roll (Table II) , which we propose is a mechanism to release the build up of organelles in front of the migrating nucleus. This model explains why dynein mutants only block a small percentage of nuclear migrations (Fridolfsson et al., 2010; this study) . In support of this model, we found a strong correlation between failure to migrate properly and lack of rolling. In nud-2(ok949) and nud-2(ok949);bicd-1(RNAi) mutants, nuclei began to migrate normally but often failed to complete the migration. Those that failed to complete migration never rolled (Table II) . We sometimes observed nuclei that appeared to migrate normally to the midline but then rapidly returned to their starting point (Video 7, nucleus 11). Often, immediately preceding the backward movement of such nuclei, the accumulation of granules in front of the nucleus is visibly compressed by the nucleus attempting to move forward (Video 7, left-marked nucleus in seconds 11-14). Therefore, we propose that the backward movements of nud-2(ok949) and nud-2(ok949);bicd-1(RNAi) mutant nuclei after they started normal-looking migrations were caused by a failure to resolve cellular blockages.
It is likely that BICD-1 and NUD-2 function through dynein at the nuclear envelope (Kardon and Vale, 2009; Fridolfsson et al., 2010) . Dynein has previously been shown to play a role in nuclear rotation in 3T3 fibroblasts, although the rotation events in tissue culture cells are considerably slower (angular velocities of 2-5°/min; Paddock and Albrecht-Buehler, 1986a,b; Levy and Holzbaur, 2008) than the ones described in this study (30°/min; Table II ). We propose that dynein causes the nucleus to roll by Fridolfsson et al., 2010) . The model predicted that nuclei migrate along a stable, polarized bundle of microtubules. However, the model relied on fixed images of microtubules taken during hyp7 precursor intercalation and nuclear migration (Williams-Masson et al., 1998) . Imaging our GFP::-tubulin lines confirmed that before intercalation, microtubules were organized as a meshwork. As the cells elongated, microtubules formed long parallel bundles that were denser at the cell-cell boundaries. Surprisingly, we found that the microtubule bundles at the time of nuclear migration were very dynamic (Fig. 7) , suggesting that the polarity of the cells is not maintained by stable microtubules formed at the time of intercalation. Instead, our EBP-1::GFP videos showed that microtubule growth was polar; most microtubules grew in the direction of nuclear migration (Fig. 8) . Such a polar microtubule network is ideally organized for nuclei to move via forces generated by kinesin-1 at the surface of the nucleus.
In many organisms, nuclear migration events are led by the centrosome, which usually remains closely attached to the nucleus (for review see Starr, 2009 ). For example, in migrating neurons, the centrosome polarizes to the front of the nucleus and leads nuclear migration (Tsai et al., 2007) . However, hyp7 nuclei migrate in a centrosome-independent manner. We found that centrosomes remained attached to the nucleus during migration but were randomly positioned with respect to the direction of migration (Fig. S2) . This is consistent with our findings that -tubulin was broadly localized (Fig. 9) , leading to a model in which most microtubules nucleate far from the centrosome during nuclear migration. Thus, before nuclear migration, the microtubule network transformed from a meshwork to dynamic, centrosome-independent bundles of polarized microtubules. A similar switch in microtubule organization occurs during mammalian epidermal differentiation (Lechler and Fuchs, 2007; Meng et al., 2008) . Furthermore, the linear arrays in mammalian epithelial cells are polarized in a way that has been hypothesized to allow nesprin-4-and kinesin-1-mediated positioning of the nucleus .
Dynein is required for nuclear migration past roadblocks
There are many examples of opposing motors being recruited to the same cargo, but the mechanisms of how kinesin-1 and dynein activities are coordinated to move the cargo are mostly unknown. Models to explain how microtubule motors of opposite directionality function together to move a single cargo include the bidirectional model, which would allow cargo to pass obstacles, change microtubule tracks, or correct errors (Welte, 2004; Ross et al., 2008) ; the interdependent model, in which the disruption of one motor affects movement in both directions (Martin et al., 1999; Shubeita et al., 2008; Ally et al., 2009) ; and the drag model, in which dynein acts to slow kinesin-1-mediated transport (Del Bene et al., 2008) . We could not film nuclear migration in dynein heavy chain dhc-1 mutant embryos. DHC-1 is required for early embryonic development (Gönczy et al., 1999) , making it difficult to directly test the role of dynein in hyp7 nuclear migration (Fridolfsson et al., 2010) . Instead, we focused on the phenotypes of nud-2 and bicd-1 mutants that complete early development normally (Fridolfsson et al., 2010) . NUD-2 and BICD-1, the NudE SP-12 (C34B2.10; provided by M. Rolls, Penn State University, University Park, PA; Rolls et al., 2002) genomic DNA and inserting it into the XbaI and KpnI sites of pSL500 to make pSL516.
Microscopy and image analysis
Embryos were dissected from gravid hermaphrodites and mounted on a 2% agar pad in M9 solution. Time-lapse microscopy of nuclear migration was observed using DIC optics and a 63× Plan Apo 1.40 NA objective on a compound microscope (DM 6000; Leica). Images were acquired using a camera (DC350 FX; Leica) and the LAS AF software (Leica) at a rate of 15 s/frame for at least 40 min or 200 ms/frame for 5 min, as indicated. Tracking analysis of the nucleus was performed by designating the center of the nucleus and the two ends of the hyp7 precursor using the Manual Tracking plugin for ImageJ (National Institutes of Health). Hyp7 precursors were numbered according to the designations given in Sulston et al. (1983) . Peak velocities were calculated by kymographs created in ImageJ. Lamin::GFP was imaged at a rate of 1 s/frame using the same microscope.
Time-lapse microscopy of -tubulin::GFP, SP-12::GFP, and EB1::GFPexpressing embryos was performed using the 488-nm laser on a spinningdisc confocal microscope (Marianas Real Time Confocal SDC Workstation; Intelligent Imaging Innovations) using a scan head (CSU-X1; Yokogawa) and a modified electron multiplying charge-coupled device camera (Cascade QuantEM 512SC; Photometrics). Objective lenses used were either 63× NA 1.4 (Carl Zeiss, Inc.) or 100× NA 1.46 oil immersion (Carl Zeiss, Inc.). Images were acquired using SlideBook software (version 5.0; Intelligent Imaging Innovations) at a rate of 15 s/frame (-tubulin::GFP and SP-12::GFP) or 100 ms/frame (EB1::GFP).
FRAP experiments were performed with a point-scanning laser confocal microscope (FV1000; Spectral Scan; Olympus) equipped with a 60× 1.42 NA oil objective and Fluoview software (version 1.7; Olympus). The embryos expressing -tubulin::GFP were imaged using the 488-nm argon laser. A second scan head on the FV1000 equipped with a 405-nm diode laser was used to photobleach, which allowed simultaneous imaging and bleaching. The spindle was bleached in rectangular areas, and images were acquired every 0.7 s. The fluorescence intensities within the bleached region were measured using ImageJ. The fluorescence intensity of the bleached region over time was normalized with the prebleached fluorescence intensity corrected for bleaching and was plotted as a function of time. The recovery half-time was obtained by fitting a single exponential curve = F 0 + (F inf  F 0 ) (1  e kt ) to the recovery time course curve (Salmon et al., 1984) .
Antibodies and immunofluorescence
For immunofluorescence, late embryos were extruded from slightly starved hermaphrodites, permeabilized by the freeze-crack method, fixed for 10 min in 20°C methanol, and blocked in PBST (PBS and 0.1% Triton X-100) with 5% dry milk (Miller and Shakes, 1995) . The fixed specimens were stained as described previously (Miller and Shakes, 1995) . The mouse monoclonal antibody IFA diluted 1:50 in PBS was used to detect embryonic centrosomes (Leung et al., 1999) . Adherens junctions were detected using rabbit polyclonal antibody NB600-308 against GFP at a 1:500 dilution (Novus Biologicals). Rabbit polyclonal antibody T1450 was used against -tubulin at a 1:200 dilution (Sigma-Aldrich; Ow et al., 2008) . Cy3-conjugated donkey anti-rabbit or anti-mouse IgG and Cy2-conjugated donkey anti-mouse or anti-rabbit (Jackson ImmunoResearch Laboratories, Inc.) diluted 1:200 in PBS were used as secondary antibodies. DNA was visualized by a 10-min stain in 1 µg/ml DAPI in PBS.
Online supplemental material Fig. S1 shows that wild-type nuclei move bidirectionally but nud-2(ok949); bicd-1(RNAi) and unc-83(e1408);klc-2::KASH nuclei do not. Fig. S2 shows that centrosome position is random during nuclear migration. Video 1 shows hyp7 precursor intercalation and nuclear migration in a wild-type embryo imaged by DIC as in Fig. 1 A. Video 2 shows nuclear migration through the ER in a wild-type embryo imaged with SP-12::GFP as in Fig. 3 . Video 3 shows nuclear rolling during hyp7 nuclear migration imaged by DIC as in Fig. 4 A. Video 4 shows nuclear rolling during hyp7 nuclear migration imaged with lamin::GFP as in Fig. 4 B. Video 5 shows hyp7 intercalation and nuclear migration in an unc-83(e1408) embryo imaged by DIC as in Fig. 1 B. Video 6 shows hyp7 intercalation and nuclear migration in a klc-2(km11) embryo imaged by DIC as in Fig. 5 A. Video 7 shows hyp7 intercalation and nuclear migration in a nud-2(ok949) embryo imaged by DIC. Video 8 shows hyp7 intercalation and nuclear migration in a nud-2(ok949);bicd-1(RNAi) embryo imaged by DIC as in Fig. 5 B. Video 9 shows hyp7 intercalation and nuclear migration in an actively pulling it backward or holding one side in place while kinesin-1 continues to pull the other side forward. One film of lamin::GFP showed a spot on the nuclear envelope rapidly move opposite to the direction of migration, which appeared to cause the nucleus to roll (Fig. 4 B) . Based on the polarity of microtubules, dynein present on the nuclear envelope would be ideally positioned to cause such a movement and the subsequent rolling of the nucleus. Alternatively, disruptions of klc-2, nud-2, or bicd-1 could lead to global trafficking defects that contribute to the nuclear migration defect. However, klc-2(km11) mutant embryos had no detectable effect on the organization of microtubules (Fig. 8) . Furthermore, BICD-1 and NUD-2 are only required for a subset of dynein's phenotypes (Fridolfsson et al., 2010) . Because the phenotypes of klc-2, nud-2, or bicd-1 mutants mimic unc-83 nuclear migration phenotypes, it is most likely that the motor mutant defects are caused by a loss of motor activity on the cytoplasmic face of the nucleus.
In conclusion, our data suggest that UNC-83 functions to mediate nuclear migration by recruiting both kinesin-1 and dynein to the nuclear envelope. Kinesin-1 then provides the major forces to move nuclei along a dynamic, polarized microtubule network. Dynein is required in a subset of nuclear migrations. Our working model is that dynein mediates backward movements and/or rolling to allow the nucleus to bypass roadblocks in the cell.
Materials and methods
C. elegans strains C. elegans were cultured using standard conditions, and N2 was used as wild type (Brenner, 1974) . The unc-83(e1408), klc-2(km11) , and nud-2(ok949) alleles were described previously (Starr et al., 2001; Sakamoto et al., 2005; Fridolfsson et al., 2010) . The AJM-1::GFP strain was used to identify adherens junctions (Raich et al., 1999) . Some nematode strains used in this work were provided by the Caenorhabditis Genetics Center, which is funded by the National Institutes of Health National Center for Research Resources. Transgenic lines expressing GFP markers or KLC-2::KASH hybrid proteins were created by standard DNA microinjection techniques using odr-1::rfp or sur-5::gfp as a transformation marker (Mello et al., 1991; Yochem et al., 1998; Sagasti et al., 2001) and were generated by injecting the following constructs into N2: pSL268 to make strain UD291 that expresses GFP::-tubulin, pSL501 to make strain UD299 that expresses EB1::GFP, pSL521 to make strain UD324 that expresses lamin::GFP, and pSL516 to make strain UD320 that expresses an ER GFP marker. Injection of pSL501 (EB-1::GFP) into klc-1(km11) generated strain UD313. Injection of pSL440 (KLC-2::KASH; Meyerzon et al., 2009 ) into unc-83(e1408) generated strain UD303. UD324 (lamin::GFP) was crossed into unc-83(e1408) to create UD329. bicd-1(RNAi) was performed as previously described (Fridolfsson et al., 2010) . Imaging of bicd-1(RNAi) embryos began 48 h after injection of dsRNA.
Molecular cloning of plasmids for GFP fusion proteins
Constructs used to express GFP fusion proteins in the hypodermis were generated as follows. The lbp-1 promoter, 1,056 bp upstream of the predicted ATG, was cut out of pKK1 (provided by J. Plenefisch, University of Toledo, Toledo, OH; Plenefisch et al., 2000) with HindIII and XbaI and inserted into the corresponding sites of pPD49.26 or pPD97.55 to make pSL246 and pSL500, respectively (Fire laboratory vector kit; Addgene). To express GFP::-tubulin, gfp::tbb-2 was amplified by PCR from pJH4.66 (provided by G. Seydoux, Johns Hopkins University, Baltimore, MD; Strome et al., 2001 ) and cloned into the NheI site of pSL246 to create pSL268. A full-length cDNA for ebp-1 (yk807f9; provided by Y. Kohara, National Institute of Genetics, Shizuoka, Japan) was amplified by PCR and inserted into the XbaI and KpnI sites of pSL500 to make pSL501. A full-length cDNA of lmn-1 (yk97a11) was amplified by PCR and inserted into the KpnI site of pSL500 to make pSL521. The ER marker was generated by amplifying
